ABSTRACT. Dictyostelium discoideum allC RNAi mutant cells are motile and aggregate together, but do not undergo further morphological development. The relatively quick growth rate of allC RNAi mutants compared to wild-type D. discoideum results in a shortened mutant cell cycle. However, at present, little is known about the mechanism underlying this phenomenon. Here, we used semi-quantitative reverse transcription-polymerase chain reaction (RT-PCR), realtime quantitative RT-PCR, two-dimensional gel electrophoresis, and mass spectrometry/mass spectrometry to elucidate the phenomenon. We found significant downregulation of myosin II heavy chain, D. discoideum calcium-dependent cell adhesion molecule-1 (DdCAD-1) mRNA, DdCAD-1 protein, D. discoideum mRNA for 14-3-3 and 14-3-3 protein, and type A von Willebrand factor domain-containing protein mRNA in allC RNAi mutants. The results suggest that downregulation of the myosin II heavy chain could be one of key factors causing the developmental interruption and that downregulation of the 14-3-3 protein and the type A von Willebrand factor domain-containing protein 
INTRODUCTION
The social amoeba Dictyostelium discoideum has been used as a model organism in many important biological fields of study, ranging from social biology to medical sciences (Williams, 2010) . There are many experimental advantages associated with this organism. D. discoideum has a simple and well-defined life cycle and is amenable to various molecular and cellular manipulations. The amoeboid cells feed on bacteria and multicellular development is triggered upon depletion of food. The developmental cascade can be divided into an aggregation phase and a post-aggregation phase, each lasting for ~12 h. During the first 6-8 h, cells exit in the solitary state to adopt a social behavior, which allows them to interact and undergo chemotaxis in response to extracellular cyclic adenosine monophosphate (cAMP) (Parent and Devreotes, 1996) . Cell-cell interactions are established via cell adhesion molecules (CAMs) in cell streams, which eventually give rise to loose mound structures. Then, cells secrete extracellular matrix material, which forms a slime sheath to encase the developing structure (Loomis Jr, 1972) . The appearance of tight mounds demarcates the beginning of the post-aggregation phase. Cellular movement in mounds promotes morphogenesis of the tipped mound, which extends into a long finger-like structure and transforms into a migratory slug (Weijer, 2009) . Culmination starts with the slug rearing up on its posterior end and prestalk cells migrate downward in a tubular structure to form a nascent stalk, giving rise to a fruiting body composed of a sorus of spores atop a filamentous stalk.
During vertebrate evolution, the purine catabolism pathway was differently truncated, with the possible advantage of preserving water. Consequently, the activity of the enzymes involved in this pathway, as well as its end products, vary from species to species. One of the enzymes in this pathway, allantoicase, most likely appeared very early during evolution, but its activity appears to have been lost over the course of vertebrate evolution (Keilin, 1959) , as it is present in most fish and amphibians, but not in amniotes (Urich, 1994) . Because little is currently known about the mechanism of this phenomenon, we constructed a D. discoideum allC RNAi mutant to elucidate the mechanism for the loss of allantoicase during animal evolution.
D. discoideum allC RNAi mutant cells have a shorter cell cycle, a reduction in cellular size, and an interruption of development relative to wild type D. discoideum (Xue and Hou, 2012) . NH 3 is one of the downstream metabolic products catalyzed by allantoicase. Although RNAi-silenced expression of allantoicase was shown to reduce levels of intracellular NH 3 /NH 4 + to evoke pleiotropic cellular responses, little is known about the details of this mechanism at present.
In the present study, we used semi-quantitative reverse transcription-polymerase chain reaction (RT-PCR), real-time quantitative RT-PCR (qRT-PCR), two-dimensional gel electrophoresis, and mass spectrometry/mass spectrometry (MS/MS) to elucidate this phenomenon.
MATERIAL AND METHODS

Cell strain and culture
The D. discoideum KAx3 strain and allC RNAi mutants were cultured at 22°C in axenic medium HL5 (Sussman, 1987) .
Real-time qRT-PCR analysis
KAx3 and allC RNAi mutant cells were grown at 22°C in axenic medium HL5. Exponentially growing cells were harvested. Total RNA was extracted according to TaKaRa RNAiso TM Plus specifications. Real-time qRT-PCR was conducted using the CFX96 TM Real-Time System (Bio-Rad, USA). The following gene-specific primers, which were designed according to GenBank sequences, were used: D. discoideum mRNA for the 14-3-3 protein (GI: 1197462), 5ꞌ-aatgttattggtgctcgtcgt-3ꞌ and 5ꞌ-aatgtcggtaagttccttttcg-3ꞌ; type A von Willebrand factor domain-containing protein mRNA (GI: 66807688), 5ꞌ-tctgatggagaaggggattg-3ꞌ and 5ꞌ-agaggatgacgatgaagacga-3ꞌ; DdCAD-1 mRNA (GI: 1224120), 5ꞌ-aactgcactggtgaatcatttg-3ꞌ and 5ꞌ-cattgtttgtactgccttgagc-3ꞌ. The specificity of the amplified products was evaluated through the analysis of the dissociation curves generated by the equipment. The relative expression levels of three genes between wild type and allC RNAi mutants were calculated by the formula:
Real-time qPCR amplification reactions were carried out in a final volume of 25 mL, which contained 12.5 mL 2X SYBR Premix Ex Taq TM (TaKaRa, Japan), 0.5 mL diluted template containing 50 ng cDNA, 11.0 mL PCR-grade water, and 0.5 mL each primer. PCR conditions were as follows: pre-denaturation at 95°C for 30 s and 39 cycles each of denaturation at 95°C for 5 s, annealing at 55°C for 30 s, and elongation at 72°C for 30 s. The resultant data were analyzed using the CFX Manager TM software (version 1.0).
Semi-quantitative RT-PCR
An aliquot of the PCR products obtained from the procedure described above were subjected to electrophoresis on a 1.5% agarose gel and stained with GoldView. Images of the RT-PCR GoldView-stained agarose gels were acquired with the Gel Image System Tanon 2500, and quantification of the bands was performed using the Image J software. Statistical analyses were carried out with Office Excel 2003.
Protein sample preparation
Exponentially growing wild-type (3.75 x 10 7 cells) and allC RNAi mutant cells (3.75 x 10 8 cells) were harvested; washed three times in MilliQ water; solubilized in 500 mL extraction buffer consisting of 7 M urea, 2 M thiourea, 4% 3-[(3-cholamidopropyl) dimethylammonio]-1-propanesulfonate (CHAPS), 40 mM dithiothreitol (DTT), and 2% Bio-Lyte 3-10 per 10 mL of extraction buffer; vibrated at room temperature for 1 h; and centrifuged at 13,000 x g for 1 h at 4°C. The supernatants containing the total proteins were transferred into Eppendorf tubes and stored at -80°C for use. Protein concentration determination was carried out using a commercial RC DC TM Protein Assay kit (BIO-RAD, USA) according to manufacturer protocols.
Two-dimensional gel electrophoresis
The 7 cm immobilized pH gradient (IPG) strips (pH 4-7, L, BioRad) were rehydrated for 16 h in 150 mL supernatant containing 350 mg protein at room temperature. Isoelectric focusing (IEF) was then carried out following manufacturer instructions in the Protein IEF cell apparatus (BioRad). The sample focusing conditions were as follows: 250 V linear for 30 min, 500 V rapid for 30 min, 40,000 V linear for 3 h, 4000 V rapid for 20,000 Vh, and 500 V rapid for 24 h. The limit of current was 30 mA. When the IEF was finished, the IPG strips were equilibrated two times for 20 min with 37.5 mM Tris-HCl, pH 8.8, 6 M urea, 20% glycerol, and 2% sodium dodecyl sulfate (SDS), 2% DTT, or 2.5% iodoacetamide (each strip in 2.5 mL solution). DTT was used 1st for 10 min, and iodoacetamide was used 2nd for 10 min. The strips were then transferred onto 12% SDS-polyacrylamide gel electrophoresis (PAGE) gels for two-dimensional separation. To obtain the pooled samples of wild type and allC RNAi mutant cells, two-dimensional gel electrophoresis (2-DE) runs were repeated three times.
Protein staining, image acquisition, and analysis
After electrophoresis, the gels were stained with Coomassie brilliant blue R-250 according to the Bio-Rad methods for 2-D electrophoresis in proteomics. The stain was prepared according to the following protocol: 227 mL MilliQ water solution containing 1.25 g Coomassie brilliant blue R-250, 227 mL methanol, and 46 mL glacial acetic acid. Gels were washed once in MilliQ water, and then placed in the stain for 1 h with gentle agitation in an orbital shaker. The gels were then destained in a destainer until the proteins appeared blue on a clear background.
JPEG-format images used for image analysis were achieved with the Gel Image System Tanon 2500. Protein spots in gels were identified according to the two-dimensional coordinates, in which pH was the abscissa and the protein molecular weight marker was the ordinate.
Protein identification by matrix-assisted laser desorption/ionization-time of flight/ time-of flight
The protein spots were excised from the gels, placed in Eppendorf tubes, and sequentially decolorized with decolorizing solution [25 mM NH 4 HCO 3 , 50% acetonitrile (ACN)] in ultrasonic wave for 5 min per time period, until the gel particle was colorless. Next, the gel pieces were shrunk in 100% ACN, air-dried at room temperature, and then rehydrated with 3 mL trypsin solution (25 mM NH 4 HCO 3 containing 1% sequence-grade trypsin) at 4°C for 30 min. Finally, 10 mL 25 mM NH 4 HCO 3 was added and incubated overnight at 37°C. An aliquot of 1 mL matrix [0.4 mg/mL HCCA in AT (ACN: 0.1%, TFA = 70:30)] was spotted onto MTP AnchorChip™ 800/384 target plates (Bruker Dalton, Germany). After the matrix was dried, 1 mL peptide fragments was spotted onto corresponding target plates. The peptide mass spectra were obtained with a matrix-assisted laser desorption/ionization-time of flight/time-of flight (MALDI-TOF/TOF) mass spectrometer (AutoFlexIII, Bruker Dalton, Germany). Peptide mass fingerprinting (PMF) was obtained in the mass range of 700 to 4000 Da, with a focus mass of 2000 Da. The peptide calibration standard II (Bruker Dalton) was used as a correction internal standard, and the peptide mass tolerances of PMF and MS/MS were 100 ppm and 70 ppm, respectively. The minimum S/N filter was 20. A MASCOT search engine (version 2.3) was used to search all of the tandem mass spectra. Biotools were used to create and search files with the MASCOT search for peptide and protein identification. Cysteine carbamidomethylation (C) and methionine oxidation (M) were selected as fixed and variable modifications, respectively. The trypsin digestion was chosen, and one missing cleavage was allowed at most. For mRNA of the 14-3-3 protein, the mean cycle threshold (C T ) values for KAx3 wild type and allC RNAi mutant cells were 23.06 and 38.06, respectively. The mean of relative quantity of 14-3-3 protein mRNA in the KAx3 wild type was 33630.85, and the standard deviation was 6417.12. The mean relative quantity of 14-3-3 protein mRNA in allC RNAi mutants was 1.05, and the standard deviation was 0.02. There was a very significant difference observed in mRNA of the 14-3-3 protein between the KAx3 wild type and allC RNAi mutants (P < 0.001). The mRNA expression level of the 14-3-3 protein in allC RNAi mutants was obviously reduced when compared to that of the KAx3 wild type.
RESULTS
Downregulation
To further verify if the 14-3-3 protein mRNA decreased in allC RNAi mutants, we used semi-quantitative RT-PCR. There was significant downregulation in expression in allC RNAi mutants compared with the wild type (P < 0.05) (Figure 1 ). This result was in substantial agreement with that obtained by real-time qRT-PCR. For the type A von Willebrand factor domain-containing protein mRNA, the mean C T values for the KAx3 wild type and allC RNAi mutant cells were 29.29 and ∞, respectively. This indicated that the allC RNAi mutant did not express the type A von Willebrand factor domain-containing protein mRNA.
To further verify if the type A von Willebrand factor domain-containing protein mRNA was expressed in the allC RNAi mutant, we used semi-quantitative RT-PCR. There was no band produced in the allC RNAi mutant (Figure 2 ). This result was in substantial agreement with that obtained by real-time qRT-PCR. For DdCAD-1 mRNA, the mean C T values for the KAx3 wild type and allC RNAi mutant cells were 22.65 and 36.85, respectively. The mean relative quantity of DdCAD-1 mRNA in the KAx3 wild type was 21555.96, and the standard deviation was 4121.16. The mean relative quantity of DdCAD-1 mRNA in the allC RNAi mutant was 1.14, and the standard deviation was 0.14. There was a very significant difference in DdCAD-1 mRNA expression between the KAx3 wild type and the allC RNAi mutant (P < 0.001). The expression level of DdCAD-1 mRNA was obviously reduced in the allC RNAi mutant when compared to the KAx3 wild type.
To further verify if DdCAD-1 mRNA decreased in the allC RNAi mutant, we used semi-quantitative RT-PCR. There was significant downregulation in expression in the allC RNAi mutant compared with the wild type (P < 0.01) (Figure 3 ). This result was in substantial agreement with that obtained by real-time qRT-PCR. (Figures 4 and 5) . Three spots were identified by MALDI-TOF-MS/ MS (Table 1 ). The results indicated that the 14-3-3 protein, the myosin II heavy chain, and DdCAD-1 were all substantially downregulated in the allC RNAi mutant. Figure 5 . Two-dimensional electropherograms of wild type (left) and allC RNAi mutant (right). No. 2 represents one of differential spots. The spot is identified by MALDI-TOF-MS/MS. The identity assigned is listed in Table 1 . 
DISCUSSION
The downregulation of 14-3-3 protein expression could be one of the important factors contributing to the shortened cell cycle of allC RNAi mutants.
14-3-3 proteins were initially identified in 1967 as a family of acidic proteins in the mammalian brain (Moore and Perez, 1967). 14-3-3 proteins are a ubiquitous family of molecules that participate in protein kinase signaling pathways in all eukaryotic cells. The 14-3-3 proteins function as phosphoserine/phosphothreonine-binding modules and participate in phosphorylation-dependent protein-protein interactions that control progression through the cell cycle (Margolis et al., 2003) , initiation and maintenance of DNA damage checkpoints (Stavridi et al., 2001; Yang et al., 2003) , activation of MAP kinases (Light et al., 2002; Ory et al., 2003) , prevention of apoptosis (Sunayama et al., 2005; Yoshida et al., 2005) , and coordination of integrin signaling and cytoskeletal dynamics (Hashiguchi et al., 2000; Han et al., 2001) .
The 14-3-3 family of highly conserved proteins consists of seven isotypes in human cells: b, g, z, s, e, h, and t (Aitken, 2006) , which are encoded by seven genes. In D. discoideum, these are only present in pairs: 14-3-3 (GI: 1197463) and type A von Willebrand factor domain-containing protein (GI: 66807689).
The Cdc25 family of phosphatases comprises three isoforms: Cdc25A, B, and C. While Cdc25A is required for efficient S-phase entry, it also appears to play a role late in the cell cycle where increased expression can facilitate the transition between the G1/S and G2/M checkpoints (Blomberg and Hoffmann, 1999; Sexl et al., 1999; Molinari et al., 2000) . The other two family members, Cdc25B and C, play important roles in governing entry into mitosis and the G2/M checkpoint (Millar et al., 1991) . However, Cdc25B appears to play a more prominent role during the early portion of the G2/M checkpoint, whereas Cdc25C governs the later portions of the G2/M checkpoint (Donzelli and Draetta, 2003) . All three of these isoforms have been shown to interact with the 14-3-3 protein, and these interactions play important roles in controlling cell cycle transitions (Peng et al., 1997; Forrest and Gabrielli, 2001; Chen et al. 2003) .
The molecular "motor" that drives cells into mitosis is the cyclin B/Cdc2 protein kinase. Throughout the cell cycle in animal cells, this kinase shuttles between the nucleus and cytoplasm, being primarily cytoplasmic, except during the M phase. In interphase cells, this kinase is maintained in an inactive state by phosphorylation on Thr-14 and Tyr-15 by the nuclear kinase Wee1 and the cytoplasmic kinase Myt1 (Lundgren et al., 1991; Parker et al., 1993; Liu et al., 1997) . In addition, Cdc25C is phosphorylated on Ser-216 and is bound to 14-3-3 proteins at this time (Dalal et al., 1999 ), which appears to both inhibit the phosphatase activity and facilitate nuclear exclusion (Lopez-Girona et al., 1999; Graves et al., 2001) . Entry into mitosis is accomplished by the release of Cdc25C from 14-3-3, and by dephosphorylation of the Ser-216 site by PP1 (Margolis et al., 2003) . Intriguingly, mitotic entry is also accompanied by phosphorylation of Cdc25C on Ser-214 (Bulavin et al., 2003) . The dual Ser-214 and Ser-216 phosphorylated form of Cdc25C loses its ability to bind to 14-3-3, ensuring that once cells have entered mitosis, subsequent activation of checkpoint kinases cannot halt the process.
The downregulation of myosin II heavy chain expression could be one of the most important factors resulting in developmental interruption in allC RNAi mutants.
D. discoideum amoebae, which lack the myosin II heavy chain gene, are motile and aggregate to form rudimentary mounds, but do not undergo further morphological development (Manstein et al., 1989; Eliott et al., 1993) . Myosin null cell aggregates fail to form tips (Eliott et al., 1993) . In most wild-type strains, a tip forms after cells have collected into the mound, and acts as an organizing center that emits cAMP and directs further morphogenetic movements (Rubin and Robertson, 1975) . Thus, tip formation is an essential part of D. discoideum development. It has been proposed that a subgroup of prestalk cells (pstA cells), initially distributed throughout the aggregate, sort out, migrating upwards to form a tip at the top of the mound (Williams et al., 1989; Esch and Firtel, 1991) . The inability of myosin II null cells to form tips was also observed in synergy experiments, in which null cells stained with a fluorescent membrane dye were mixed with unstained wild-type cells. Null cells were absent from the extreme tips of mixed slugs and early culminates (Eliott et al., 1993) . The abovementioned results suggest that the cells of D. discoideum amoebae, which lack myosin II, may have insufficient strength to generate sufficient force for the formation of tips.
In the present study, we observed an apparent difference between the actual value and theoretical value of the molecular weight of the myosin II heavy chain. These changes might be due to post-translational protein processing, such as proteolysis.
We believe that the downregulation of DdCAD-1 expression is not an important contributing factor for developmental interruption in allC RNAi mutants. The search for the origin of multicellularity usually begins with cell-cell adhesion molecules (CAMs) and substratum adhesion proteins (Bowers-Morrow et al., 2004; Harwood and Coates, 2004) . Recent studies on CAMs have shown that they play very important roles in sensing environmental cues and in generating signals that regulate a diversity of cellular processes, including gene expression, cell proliferation, cell polarity, cell motility, and apoptosis (Siu et al., 2011) . DdCAD-1 is one of the CAMs in D. discoideum. Although a lack of DdCAD-1 results in abnormal pattern formation in slugs and a reduction in spore yield, Dictyostelium cells are still able to complete development and form fruiting bodies (Wong et al., 2002) .
